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Photoreceptor development: Breaking down the barriers
Barry J. Dickson
One form of the Tramtrack protein (Ttk88) acts as a
general inhibitor of photoreceptor differentiation in
developing Drosophila eyes. This inhibition is removed
by targeting Ttk88 for degradation, which requires two
proteins, Phyl and Sina, previously thought to act in the
determination of specific photoreceptor subtypes.
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Activation of the common Ras–MAP kinase pathway can
induce cells to make highly specific developmental
decisions. A prime example of this is seen in the develop-
ment of the Drosophila retina, where signalling via the
Ras–MAP kinase cascade is used to recruit successively
each of the eight photoreceptors (R1–R8), the lens-
secreting cone cells and a set of pigment cells, which
together make up a single ommatidium (Figure 1a) [1].
The cascade is activated in each case by the Drosophila
EGF receptor homologue, DER, with the minor twist that
the last photoreceptor to be determined, the R7 cell,
apparently requires an additional burst of Ras–MAP
kinase activity initiated by a second receptor tyrosine
kinase, Sevenless [2]. On the basis of molecular and
morphological criteria, nine different ommatidial cell fates
can be distinguished. In the order of differentiation, these
are: photoreceptors R8, R2/R5, R3/R4, R1/R6 and R7; the
cone cells; and the primary, secondary and tertiary
pigment cells. How can one signal produce so many
distinct responses in cells with virtually identical develop-
mental histories?
A couple of years ago, Rebay and Rubin [3] demon-
strated that the first step towards any ommatidial cell
fate is the removal of a general barrier to differentiation.
This barrier is presented by the protein Yan, a MAP
kinase substrate that has an Ets DNA-binding domain
and eight consensus MAP kinase phosphorylation sites.
Mutating all of these sites to prevent phosphorylation by
MAP kinase creates a protein that constitutively inhibits
differentiation in both neuronal and non-neuronal tissues
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(a) Sequence of ommatidial assembly during Drosophila eye
development. Ommatidial clusters are formed at regular intervals in an
unpatterned epithelium, the eye imaginal disc. Sequential activation of
the Ras–MAP kinase pathway triggers the differentiation first of each
of the photoreceptors (green), then cone cells (red) and finally the
pigment cells, which surround each cluster (not shown). (b) Ttk88
protein (brown) can normally be detected only in the cone cells, even
though a ttk–lacZ reporter is expressed in all photoreceptor and cone
cell precursors. In sina mutants, Ttk88 protein can sometimes be
observed in one additional cell, probably in R7, while in phyl mutants,
Ttk88 can be detected in as many as three additional cells, most
probably R1, R6 and R7. Ectopic expression of phyl under the sev
enhancer (sev–phyl) results in the loss of detectable Ttk88 protein
from the cone cells, but only in the presence of sina+ function. 
throughout development. Two groups [4,5] have now
shown that the next step along the pathway of photore-
ceptor differentiation is the removal of a second barrier,
this one provided by a product of the tramtrack gene (ttk),
which specifically blocks neuronal differentiation. Sur-
prisingly, removing this barrier requires the concerted
action of two genes, phyllopod (phyl) and seven in absentia
(sina), that appeared more likely to be involved in the
determination of specific photoreceptor cell fates, sina
being required almost exclusively by R7 cells, and phyl by
R1, R6 and R7 cells.
Transcripts of the ttk gene are differentially spliced to
produce mRNAs encoding one or other of two zinc-finger
transcription factors, Ttk69 or Ttk88 [6]. Both proteins
can be detected only in the non-neuronal cone cells
(Figure 1b), even though a lacZ enhancer-trap insertion in
the common 5′ region of the ttk gene drives β-galactosi-
dase expression in both photoreceptors and cone cells
[4,5]. Mutations that specifically abolish production of the
Ttk88 protein cause the cone cell precursors to differenti-
ate instead as R7 photoreceptors [7]. Conversely, overpro-
duction of Ttk88 (or Ttk69) in the photoreceptor
precursors blocks the expression of neuron-specific
markers [4,5]. Ttk proteins have also been shown to
inhibit neuronal differentiation in both the embryonic
central (CNS) and peripheral (PNS) nervous systems [8,9].
These results indicate that Ttk is a general inhibitor of
neuronal differentiation that is most probably down-
regulated post-transcriptionally.
The sina gene was originally identified as one that, like
sevenless, is expressed by many cells in the developing eye,
but is required specifically for R7 development [10]. The
phyl gene is a transcriptional target of the Ras–MAP kinase
pathway, normally required for R1, R6 and R7 develop-
ment and able to induce R7 development if ectopically
expressed in the cone-cell precursors [11,12]. Both genes
encode nuclear proteins — Sina and Phyl — with amino-
acid sequences that offered few clues as to their likely bio-
chemical functions. Genetically, sina and phyl act
downstream of yan, but upstream of ttk [11–13].
The first hint of how sina and phyl might function came
from the observation that Ttk88 protein disappears from
the cone-cell precursors if they ectopically express Phyl,
so long as Sina is also present [4,5] (Figure 1b). As in the
photoreceptor precursors, this downregulation of Ttk88
occurs post-transcriptionally. Conversely, it was found
that, in sina and phyl mutants, Ttk88 protein could now be
detected in some of the photoreceptor precursors (most
probably R7 in sina mutants, and R1, R6 and R7 in phyl
mutants). The simplest explanation for these observations
— that Ttk88 stability is severely compromised in the
presence of both Phyl and Sina — was then confirmed by
both groups in cell culture experiments [4,5]. It was also
shown, in both yeast two-hybrid and in vitro binding
assays, that all three proteins interact directly in each of
the pairwise combinations. 
The model that emerges from these experiments is that
activation of the Ras–MAP kinase pathway in the photo-
receptor precursors induces expression of Phyl, which
then forms a complex with both Sina and Ttk88, thereby
targeting the latter for degradation (Figure 2). Both groups
then went on to provide evidence that this degradation
occurs via the ubiquitin–proteasome pathway. Li et al. [5]
showed that degradation of Ttk88 in cell culture can be
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Figure 2
Model for the initial steps in photoreceptor
differentiation. Activation of the Ras–MAP
kinase pathways leads to the phosphorylation
of Yan and transcriptional activation of the
phyl gene. Upon phosphorylation, Yan is
degraded, allowing differentiation to occur.
Phyl protein then cooperates with Sina to
target Ttk88 for degradation via the
ubiquitin–proteasome pathway, permitting
neuronal differentiation.
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blocked by proteasome-specific inhibitors. And Tang et al.
[4] showed that Sina interacts both physically and geneti-
cally with the ubiquitin-conjugating enzyme Ubcd1.
This model is extremely satisfying for several reasons.
Firstly, it is always encouraging when new biochemical
and cell biological data concord so well with such a wealth
of previous genetic data. Secondly, mechanisms have now
been assigned to two previously enigmatic members of
the R7 gene family. And finally, a clearer picture is begin-
ning to emerge of the initial steps along the pathway to a
photoreceptor cell fate. MAP kinase phosphorylates and
thereby deactivates Yan, removing the barrier to differen-
tiation. Subsequently, phyl expression is induced, and Phyl
protein teams up with Sina to target Ttk88 for degrada-
tion, removing the barrier to neuronal differentiation. 
What next? Are there additional barriers to photoreceptor
differentiation, and then for each of the different photo-
receptor classes? This actually seems unlikely. Neuronal
differentiation in the eye is presumably tantamount to
photoreceptor differentiation, perhaps because of the
presence of master regulators of eye development, such as
eyeless, sine oculis and dachshund. There is probably also
more to neuronal development that just degrading Ttk.
Another known MAP kinase target required for photo-
receptor development is the Ets transcription factor Pntp2
[14,15], one of the two alternative splice products of the
pointed (pnt) gene. In the embryonic CNS, the distinction
between neuronal and non-neuronal (glial) cell fates is
under the dual control of pnt and ttk: ttk represses neuronal
differentiation, and pnt promotes glial differentiation [8].
The two genes act independently, and inappropriate
expression of pnt can lead to the expression of glial cell
markers in otherwise neuronal cells [16]. Similarly, it
seems likely that at least some aspects of photoreceptor
differentiation are positively regulated by pnt.
Finally, as tantalizing as ever, the question of specificity
still remains. Indeed, the picture becomes even more per-
plexing with the new data. Thus phyl is expressed and
required only in R1, R6 and R7, and sina, though more
widely expressed, is almost exclusively required in R7.
Yet Ttk must be degraded in the precursors of all photo-
receptors. Why should photoreceptor subclass-specific
genes be employed to remove a general barrier to neu-
ronal development? It has been proposed that ommatidial
cell fates are predetermined by the pattern of transcription
factors they express, and that activation of the Ras–MAP
kinase pathway merely serves as a trigger to initiate differ-
entiation [1]. As degradation of Ttk requires transcrip-
tional activation of phyl, one can readily envisage that
Ras–MAP kinase activation may be able to induce phyl
transcription and thus Ttk degradation in cells pre-
destined to become photoreceptors, but not in cells pre-
destined for cone or pigment cell fates. 
But this can only be a partial explanation, as not all pho-
toreceptors require Phyl to degrade Ttk. Interestingly, a
round of cell division separates those that do — R1, R6
and R7 — from those that do not — R8, R2–R5 — and
perhaps this division marks the switch from Phyl-indepen-
dent to Phyl-dependent means of Ttk degradation. And
why should Sina be required to degrade Ttk only in a
single photoreceptor (R7)? Could this somehow be related
to the additional burst of Ras–MAP kinase activation that
this one cell needs in order to degrade Ttk and initiate
photoreceptor differentiation? Clearly, the R7 cell still has
many secrets to divulge.
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